In this study, the specimens of cemented sand were prepared by reinforcing it separately with different contents (0.5%, 1.0%, 1.5%, and 2.0%) of three different polymer fibers (polyamide, polyester, and polypropylene) prepared as filaments of different lengths (6, 9, and 12 mm). en, these specimens were tested, and the improvement effects of the three fibers on the engineering-mechanical behavior of the cemented sand were analyzed and compared. e different microstructures and chemical compositions of the fiber-reinforced cemented sand specimens were investigated using electron microscopy and X-ray diffraction. Compression tests were performed to obtain the stress-strain curves of the specimens. Comparative analysis was performed on the variation patterns of the mechanical parameters (such as unconfined compressive strength and peak strain) of the specimens. Quantitative analysis was performed on the effect of fiber content and fiber filament length on the failure mode of the specimens. It was shown that the inclusion of fibers led to a change from brittle failure to ductile failure. e macro-and microexperimental results revealed that polypropylene fiber had the best improvement effect on the mechanical behavior of the cemented sand, followed by polyester fiber and polyamide fiber. In particular, the cemented sand specimen reinforced with 1.5% polypropylene fiber prepared as 9 mm length filaments had a brittleness index of 0.0578, exhibited ductile failure (in contrast to the brittle failure of the nonreinforced cemented sand), and yielded the highest unconfined compressive strength and shear strength among the specimens.
Introduction
Fiber-reinforced cemented sands have been widely studied in recent years. Studies have shown that different chemical fibers have different improvement effects on sands [1] [2] [3] [4] [5] . Khorami et al. [6] attempted to optimize the production of fiber-cement board (FCB) using polypropylene and acrylic fibers and found that compared to conventional FCBs, FCBs improved with the two fibers exhibited better compressive, shear, and flexural strengths and toughness. Consoli et al. [7] [8] [9] [10] [11] added the fiber to the sand and tested the parameters of cyclic shear response and tensile/compressive strength ratio after soil sand improvement. Fu et al. [12] carried out a comparative study of the performance of completely decomposed granite specimens reinforced separately with polypropylene and rubber fibers using nuclear magnetic resonance. Orasutthikul et al. [13] compared the mechanical behaviors of mortars reinforced separately with short filaments of recycled polyamide, poly(ethylene terephthalate), and polyvinyl alcohol. Liu and Pourrahimian [14] studied the effect of polyamide, glass, and steel fibers on the cracking behavior of expansive shotcrete mixtures and attempted to establish the correlation between parameters such as splitting tensile strength, volume change, density, and water absorption. Schabowicz et al. [15] presented an original methodology for identifying the degree of degradation of fiber-cement boards caused by high temperature with the acoustic emission method. Jiang et al. [16] using plant leaves as ecofriendly heat-insulating building materials, and five poplar leaf modification methods were employed to improve the compatibility between leaf fibers and cement-based materials in composites. Some scholars [17] [18] [19] have conducted some comparative tests on the reinforcing properties of the polyvinyl alcohol fiber to cement materials. ere are few reports on the different improvement effects of different polymer fibers, particularly the micromorphology of critical factors, the effect of chemical composition, and the mechanism underlying the change from the brittle failure of nonreinforced sands to the ductile failure of fiber-reinforced sands.
In this study, cemented sand was reinforced separately with three different polymer fibers obtained from waste textile products-polyamide, polyester, and polypropylene fibers-at different contents and different filament lengths.
e structures and bonding strengths of the fiber-reinforced cemented sand specimens were tested and analyzed using electron microscopy and X-ray diffraction (XRD).
en, unconfined compression tests were performed to compare the mechanical parameters (such as unconfined compressive strength and peak strain) of the specimens. e mechanism underlying the effect of the fibers on the failure mode (brittle or ductile) of the cemented sand was investigated by analyzing the variations in the stiffness coefficients and brittleness indexes of the specimens.
is study will provide theoretical inputs for the selection of polymer fibers for the reinforcement of cemented sands and will be of reference value for future studies on the microdynamics and mechanical failure modes of fiber-reinforced composite materials.
Experimental Materials and Methods

Experimental Materials
2.1.1. Fibers. All three fibers used for testing were obtained from waste textile products and prepared as filaments of equal length using a fiber cutter. en, the fiber filaments were tested to determine their tensile strengths and moduli of elasticity according to ASTM C150 [20] and ASTM C 109 [21] . Table 1 presents the basic physical properties of the three fiber filaments.
Silica Sand.
e silica sand selected for the test was river sand, which is commonly used in projects. According to the IS 383 standard [22] and the IS 1542-1992 standard [23, 24] , river sand was sieved to obtain well-graded silica sand with a fineness index in the range of 40-45. e physical properties of silica sand are shown in Table 2 . Figure 1 presents the grain size distribution curve of the sand.
Preparation of Specimens.
e contents (by mass) of sand, cement, fiber, and water for a specimen were determined according to the methods proposed by Chen et al. [25] and Hamidi and Hooresfand [26] . In order to improve the hydrophilicity of the fiber and enhance the interfacial strength between the fiber and the cement-sand, three kinds of fibers were treated with potassium permanganate solution before preparing the sample of fiber-reinforced cement-sand soil. In potassium permanganate solution, the mass ratio of potassium permanganate to concentrated nitric acid is 1 : 30.
e soaking time of fiber in solution is 1 minute. Cement and sand were evenly mixed in a mixer for five minutes. en, water was added, and the blend was mixed for another three minutes. is was followed by the addition of fiber into the water-cement-sand mixture. To ensure that the fiber was evenly mixed with the mixture, the fiber was divided into five dosages, and each dosage was mixed for two minutes. e water-cement-sand-fiber mixture for each dosage was filled into a metal mold (radius of 38.8 ± 0.2 mm and 80 mm in height) and impacted with a hammer for 20-25 hits [27] . e height of the final specimen was 80 ± 0.2 mm [28] . e molded specimen was cured in a curing box for seven days (at a temperature of 25 ± 2°C and humidity of greater than 90%) [29] . e cured specimen was dried in a drying oven (at a temperature of 50°C) until no change was observed in its mass. e dried specimen was ready for testing. Figure 2 shows the image of the specimen containing 0.5% 6 mm length polyester filaments.
Experimental Results and Analysis
Comparative Analysis of the Microbonding Structures of Fiber-Reinforced Cemented Sand Specimens. Figures 3(a)-3(c)
show the images of the fiber-reinforced cemented sand specimens.
e images were obtained using a 2.0 KX scanning electron microscope. e images clearly show the different bonding structures of the specimens.
e polyamide filaments (Figure 3 (a)) appear as intervening bundles, with a large number of gel particles adhered on their surface and noticeable pores between them. is microstructure has a negative effect on the compressive strength and other engineering properties of the cemented sand matrix. In contrast, the polyester and polypropylene filaments are embedded or inserted into the matrix (Figures 3(b) and 3(c)), with a noticeable interface effect that contributes to better bonding between the components of the matrix. In summary, polyester and polypropylene are better bonded with the cemented sand matrix compared to polyamide, as revealed by the micromorphologies of the specimens.
Comparative Analysis of the Microstructures and Chemical Compositions of Fiber-Reinforced Cemented Sand
Specimens.
e chemical compositions of the three different fibers were analyzed using XRD [30] [31] [32] . X-ray diffractometer was used to analyze the three fiber components, and the diffraction pattern was shown in Figure 4 . As can be seen from Figure 4 , the diffraction pattern is well matched with the standard card. It proves that the three fibers are polypropylene fiber, polyamide fiber, and polyester fiber [33] . In addition, three fibers all have obvious diffraction peaks, indicating that the sample has crystallinity. Among them, the diffraction peak height of the nylon fiber is low and the area is small, indicating that the number of crystals is smaller and the volume is larger. e diffraction peak height and area of the polyester fiber and polypropylene fiber are larger, indicating that the number of crystals is large and the crystal volume is small. It can be seen from the uctuation of the di raction curve that the noise of the polypropylene ber is larger, indicating that the degree of crystallization is larger. In summary, the polypropylene ber is a better option for reinforcing the cemented sand compared to polyester and polyamide bers in terms of chemical composition. ) show the micromorphologies of the ber-reinforced cemented sand specimens subjected to uniaxial compression (at a loading rate of 0.8 mm/min) using a strain-controlled automatic uniaxial compression tester. In Figure 5 , the dotted line represents the cracks distributed on the surface of the damaged sample. Comparative analysis shows that a specimen reinforced with 9 mm length ber laments shows better properties than a specimen reinforced with the same content of 6 mm length ber laments. Only the micromorphologies of the specimens reinforced with 9 mm length ber laments are presented here owing to space limitation. For the same lament length, an increase in the ber content results in a gradual change in the micromorphology of the specimens at failure. More speci cally, specimens with lower ber contents exhibit vertical isolated cracks, whereas specimens with higher ber contents exhibit oblique treeleaf-shaped conjugated cracks or shear racks. is indicates that as the ber content increases, the failure mode gradually changes from brittle failure at lower ber contents to ductile failure at high ber contents. Specimens with a ber content of 1.5% exhibit the most noticeable characteristics of ductile failure. However, specimens with a higher ber content of 2.0% exhibit irregular morphologies at failure characterized by irregular fork-shaped cracks. is indicates that a further increase in the ber content results in decreased compressive strength and ductility. is can be explained by the following mechanism: extremely high ber content results in the overlapping of ber laments and decrease in the interface e ect. e specimens reinforced by polypropylene ber exhibit more regular morphologies at failure compared to the other specimens. Particularly, the specimen reinforced with 1.5% 9 mm length polypropylene ber laments exhibits the most typical ductile failure among the specimens. Figure 6 shows the uncon ned compressive strengths of the ber-reinforced cemented sand specimens. At a lament length of 6 mm, higher ber content results in higher compressive strength, as shown in Figure 6 (a). In particular, an increase in the content of the polypropylene ber results in a larger increase in uncon ned compressive strength compared to the cases of polyester and polyamide. e specimen containing 1.5% polypropylene ber exhibits the highest uncon ned compressive strength of 1034.5 kPa. At a ber lament length of 9 mm, as the ber content increases, the uncon ned compressive strengths of the specimens reinforced with polyester and polyamide bers rst increase and peaks at 1296.4 and 911.3 kPa, respectively, at a ber content of 0.5%, and then decrease.
e specimens Advances in Materials Science and Engineering 3 reinforced with the polypropylene ber exhibit a similar trend of uncon rmed compressive strength as the ber content increases. In particular, uncon ned compressive strength increases considerably when the polypropylene ber content is increased from 1.0% to 1.5%, with the peak uncon ned compressive strength of 1467.6 kPa occurring at a ber content of 1.5%. As shown by the uncon ned compressive strength curves for the ber-reinforced specimens, the peak values of uncon ned compressive strength decrease noticeably as the ber content is increased from 1.5% to 2.0%. is indicates that extremely high ber content has a negative impact on the properties of the berreinforced cemented sand.
e comparative analysis of the e ect of the lament length on the peak uncon ned compressive strength of the specimens shows that the peak values of the specimens reinforced with 9 mm length ber laments are generally higher than those of the specimens reinforced with 6 mm length and 12 mm length ber laments. is further demonstrates that the optimum lament length for reinforcing the cemented sand is 9 mm. 
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Brittleness Index Variation Patterns.
e analysis of the brittleness of ber-reinforced sand helps understand the possibility of the brittle failure of a sand matrix when subjected to a certain load. is facilitates the prevention of engineering accidents. e brittleness indexes of the berreinforced cemented sand specimens subjected to di erent con ning pressures (100, 300, and 500 kPa) were computed [34] .
e computed brittleness indexes are presented in Advances in Materials Science and Engineering Table 3 . e experimental data reveal that, for the same fiber content and fiber filament length, the brittleness index increases with confining pressure. Figure 7 compares the brittleness indexes of the fiber-reinforced cemented sand specimens subjected to a confining pressure of 500 kPa. e brittleness index is computed using the following equation:
where I B is the brittleness index, q max is the unconfined compressive strength, and d is the residual strength. Figures 7(a)-7(c) show that, at the same confining pressure, the brittleness index decreases with an increase in the fiber content. is indicates that the inclusion of the three chemical fibers allows for the transition from the brittle failure to the ductile failure of the cemented sand. e brittleness index reflects the degree of postpeak stress loss, with a larger index indicating larger stress loss. e inclusion of fibers results in a smaller brittleness index, indicating smaller stress loss. is is consistent with the stress-strain curves, thereby confirming that the inclusion of the three chemical fibers contributes to an improvement in the postpeak mechanical properties of the cemented sand. e above variation patterns of the brittleness index are consistent with the finding of Mashhadban et al. [35] . For the same fiber content, the brittleness indexes of the specimens reinforced with polypropylene fiber are smaller than those of the specimens reinforced with polyester and polyamide fibers. Among the specimens, the specimen reinforced with 9 mm length polypropylene fiber filaments subjected to a confining pressure of 500 kPa has the smallest brittleness index of 0.0578. Furthermore, this specimen exhibits ductile failure. is quantitatively confirms that the polypropylene fiber is a better option for reinforcing the cemented sand. Figures 8  and 9 show the relationships between the unconfined compressive strength and residual strength and between the cohesion and residual cohesion, respectively, of the fiber-reinforced cemented sand specimens. Figures 8(a) -
Correlation between Strength Parameters.
show that there exists a linear correlation between the peak strength and residual strength of the fiber-reinforced cemented sand specimens. e correlation coefficients are larger than 0.75 for all specimens, and the overall correlation coefficient is 0.86. Figures 9 and 10 show that there exists a nonlinear correlation between cohesion and residual cohesion and between the angle of internal friction and the residual angle of internal friction; the correlation coefficient is 0.75 in both cases. e correlation coefficient data demonstrate reliable correlations between strength parameters. ese correlations are a major input for predicting the strength parameters of fiber-reinforced cemented sands and developing numerical models for the constitutive relation of fiber-reinforced cemented sands.
Conclusions
Cemented sand was reinforced separately with three different polymer fibers (polyamide, polyester, and polypropylene fibers) obtained from waste textile products.
e microstructures, morphologies, and engineeringmechanical behaviors of the fiber-reinforced cemented sand specimens were analyzed and compared. Our findings are summarized below.
(1) All three recycled fibers improved the engineeringmechanical properties of the cemented sand, such as unconfined compressive strength, residual strength, peak strain, and residual strain. Polypropylene had the best improvement effect, followed by the polyester fiber and polyamide fiber. (2) For polypropylene fiber-reinforced cemented sand, the optimum fiber content was 1.5% and the optimum fiber filament length was 9 mm. With the optimum content and filament length, the polypropylene fiber improved the unconfined compressive strength, peak strain, and shear strength of the cemented sand by 62.3%, 21.8%, and 224.7%, respectively. Advances in Materials Science and Engineering(3) e nonreinforced cemented sand exhibited brittle failure, whereas the ber-reinforced cemented sand exhibited ductile failure. e cemented sand specimens reinforced with lower ber contents exhibited vertical cracks, whereas the specimens reinforced with higher ber contents exhibited tree-leaf-shaped cracks. e inclusion of ber laments resulted in a lower brittleness index of the cemented sand. e optimum brittleness index achieved by the polypropylene ber-reinforced cemented sand was 0.0578. (4) Fitting was performed for the cohesion, residual cohesion, angle of internal friction, and residual angle of internal friction of the ber-reinforced cemented sand specimens. e tted correlation coe cients for the cemented sand specimens reinforced with polyamide, polyester, and polypropylene bers were 0.86, 0.90, and 0.94, respectively, and the overall correlation coe cient was 0.86.
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